n important advancement in our understanding of atrial fibrillation (AF) during the past decade was the demonstration that rapid atrial excitation alters atrial electrophysiology to promote AF. [1] [2] [3] [4] This process, termed "electrical remodeling", includes shortening and loss of rate-adaptation of the effective refractory period (ERP) as well as a reduction of conduction velocity. 1 With respect to the cellular mechanisms underlying such electrical remodeling, most previous studies have focused on the altered action potential (AP) configuration during the steady state, resulting from altered function and expression of sarcolemmal ion channels. For example, a shortening in ERP, which reflects a shortening of the AP duration (APD), has been attributed primarily to a reduction of the L-type Ca 2+ current (ICa,L) in association with a downregulation of pore-forming ICa,L -subunits. 2, 3 In addition to changes in sarcolemmal ion channels, sustained rapid atrial excitation leads to profound changes in cellular Ca 2+ handling, 5 giving rise to significant contractile dysfunction. Such AF-related alterations in cellular Ca 2+ handling also could contribute to abnormal electrophysiologic properties of the atria. The information available on this issue is still limited. Hara et al reported that the dynamics of APD, in response to an abrupt change of stimulation cycle length (CL) in canine atria with AF, were different from normal atria. 4 They suggested an involvement of altered Ca 2+ handling, because the difference in APD dynamics was abolished by ryanodine. The present study was designed to obtain further insight into the role of Ca 2+ dynamics in modulating APD in atria subjected to chronic rapid atrial pacing.
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We hypothesized that alterations to the Ca 2+ handling in electrical remodeling could contribute to the abnormal APD dynamics favoring the initiation and perpetuation of fibrillation. Recent studies have shown that non-steady state AP characteristics have important implications for the development of arrhythmias. [6] [7] [8] [9] [10] Several studies have suggested that APD restitution kinetics are an important determinant of stability in several types of re-entrant circuits. [6] [7] [8] Burashnikov and Antzelevitch showed that late phase 3 triggered activity induced by early afterdepolarization (EAD) occurs after a long diastolic interval, causing immediate AF recurrence after AF termination in a cholinergically-mediated model of AF. 9 The purpose of this study was to test the following hypotheses: (1) that non-steady state APD dynamics, including APD restitution and APD transition after an abrupt change in CL, are related to intracellular Ca 2+ handling in canine atria; and that (2) APD dynamics are altered in association with altered Ca 2+ handling in the setting of electrical remodeling.
For this purpose, we investigated the dynamics of APD and twitch force (TF) in response to abrupt CL changes in normal and remodeled canine atria (6-8 week rapid pacing), because TF dynamics are known to reflect dynamic changes in Ca 2+ released from the sarcoplasmic reticulum (SR). We also examined the protein expression of SR Ca 2+ ATPase (SERCA2), SR Ca 2+ -release channel (RyR2) and sarcolemmal Na + /Ca 2+ exchanger (NCX1).
Methods

Animal Preparation
The investigation was approved by the Institutional Scientific Review Committee of the Keio University School of Medicine. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health. Adult beagle dogs (weighing 10-15 kg) of either sex were used for the experiments. A group of 6 dogs were anesthetized with sodium pentobarbital (20 mg/kg iv), and a left intercostal thoracotomy was performed. A bipolar pacing wire was positioned in the left atrial appendage through the opening in the pericardium. The electrode leads were tunneled subcutaneously to the back of the neck, where they were connected to a pacemaker (Medtronic, Minneapolis, MN, USA). After the incisions were closed, the animals were allowed to recover for 10 days. The dogs then received rapid atrial pacing (400 beats/min) with normal atrioventricular conduction for 6-8 weeks in a conscious and freely moving state. Clinical signs of heart failure were not observed. Another group of 6 age-matched beagle dogs without inserted instrumentation served as controls.
Recordings of APs and Twitch Contraction
On the day of the study, dogs were anesthetized with sodium pentobarbital (30 mg/kg iv) and the hearts were excised. Right atrial trabeculae were dissected and suspended in a Plexiglas tissue bath with the endocardial side up. The preparations were superfused with Tyrode's solution composed of (in mmol/L): NaCl 137, NaHCO3 12, KCl 4.0, CaCl2 2.7, MgCl2 0.5, NaH2PO4 1.8, and glucose 5.5. The solution was equilibrated with 95% O2+5% CO2 at 36.5°C to maintain the pH at 7.4.
Transmembrane APs were recorded with standard glass microelectrodes (3.0 mol/L KCl, 10-15 MΩ DC resistance) that were connected to a high-input impedance amplifier. Isometric contractile force was recorded by using a forcedisplacement transducer (Grass Instruments Co). The signals were displayed on an oscilloscope, digitized, and stored in a computer for offline analysis. APD was measured at 90% repolarization (APD90). Representative action potentials and twitch contractions in normal canine atria subjected to a sudden increase in the cycle length (CL) from 500 to 1,500 ms (A) and to a sudden decrease in the CL from 500 to 350 ms (B).
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Experimental Protocols
The preparations were equilibrated in the tissue bath until electrical and mechanical stability were achieved under constant stimulation through a pair of bipolar electrodes at a basic CL (BCL) of 500 ms. Pulses were 5 ms in duration and 1.5-2-fold the threshold intensity. The stimulation CL was changed suddenly from 500 to 200-3,000 ms; this procedure was repeated. Restitution of APD and TF was determined using single test pulses (S2) delivered after every 40 th basic pulse (S1) at a BCL of 500 ms. The S1S2 coupling interval was progressively decreased from 3,000 to 200 ms.
Drugs used in the study included ryanodine, isoproterenol hydrochloride, and cyclopiazonic acid (CPA). Ryanodine was dissolved in dimethyl sulfoxide (DMSO) and diluted in distilled water to make a stock solution. The final concentration of DMSO in the bath did not exceed 1 mol/L and had no effects on APs or contractions.
Western Blots
The protein expression of SERCA2, RyR2 and NCX1 was estimated by Western blot analysis using tissue homogenates of the right atrial trabeculae. The procedures were essentially the same as those described previously. 11 Primary antibodies used for the Western blots were as follows: anti-SERCA2 (1:1,000, Affinity Bioreagents #MA3-919), antiRyR2 (1:5,000, Sigma, #R-128), and anti-NCX1 (1:500, Affinity Bioreagents, #MA3-926). The immunoblots were developed with horseradish peroxidase-labeled goat antimouse IgG (BD Transduction Laboratories, #M15345) as a secondary antibody (1:2,000 for SERCA2 and NCX1; 1:10,000 for RyR2) for 1 h, followed by visualization using an ECL reagent. The density of the protein bands was quantified by using a CS Saver and Analyzer (ATTO & Rise Corporation) and the value was normalized to the amount of total protein.
Statistical Analysis
Statistical analysis was performed with the Student's t-test for paired or unpaired data, and ANOVA followed by Bonferroni's test was then used, as appropriate. All data are expressed as the mean ± SE, unless otherwise specified. A value of p<0.05 was considered to be significant. Fig 1A shows representative recordings of APs and twitch contractions in normal canine atria subjected to a sudden increase in the CL from 500 to 1,500 ms. The APD90 increased abruptly from 173 ms (steady-state at CL 500 ms) to 218 ms with the first beat of the longer CL, which then shortened in steps during subsequent beats. This observation is consistent with the early phase of rateadaptation described in a previous report (Hara et al 4 ) . The TF recorded simultaneously showed parallel changes. TF amplitude increased abruptly from 0.83 to 1.38 g with the first beat at the longer CL, which then decreased in a stepwise fashion during subsequent beats. In the present study, we analyzed APD and TF dynamics only in the early phase of rate-adaptation. When the pacing CL was abruptly shortened, the opposite effect was observed ( Fig 1B) . Both APD90 and TF were abruptly decreased with the first beat, which then increased during subsequent beats. Thus, APD and TF showed a transient increase when CL was abruptly prolonged, and a transient decrease when CL was abruptly shortened in normal atria. Note that both APD and TF showed alternans when the new CL was short, although APD alternans was less prominent than TF alternans. The shorter the new CL, the greater was the magnitude of alternans. The magnitudes of APD and TF alternans were the largest at the beginning of the new CL and gradually decreased to a plateau after the 10 th beat.
Results
APD and TF Dynamics in Normal Atria in Response to Sudden Changes in CL
Pharmacological Modification of Intracellular Ca 2+ -Handling
Dynamic changes in APD in response to a sudden change in CL were thought to reflect beat-to-beat changes in intracellular Ca 2+ handling because they were always accompanied by parallel changes in TF. To confirm this hypothesis, Effects of different cycle lengths (CLs) on the transitions of action potential duration was measured at 90% repolarization (APD90) (Left panels) and twitch force (TF) (Right panels). The CL was changed abruptly from a basal level of 500 ms to several different levels (n=6). Note that the dynamic change in action potential duration occurred in parallel with dynamic changes in TF.
we examined the effects of ryanodine, isoproterenol and CPA on APD and TF dynamics after an abrupt prolongation of CL in normal atria. Fig 3A shows the effects of ryanodine on the dynamic changes in APD90 and TF. Ryanodine binds specifically to the Ca 2+ -release channel in the SR and at low concentrations (<30 mol/L) locks the channel in an open state, causing Ca 2+ leakage from the SR into the cytosol and subsequently out of the cell. 12 In atrial muscles treated with 1 mol/L ryanodine, the transient increases in APD90 and TF in response to a sudden prolongation of the CL to 1,500 ms were completely abolished. Fig 3B shows the effects of isoproterenol, a -adrenergic receptor agonist. In the muscles treated with 1 mol/L isoproterenol, the transient increases in the APD90 and TF were less prominent than in the control group. The percent increase in the first beat from the baseline in the absence and presence of isoproterenol was 16 Atria  Fig 4 shows APD and TF dynamics in remodeled atria after an abrupt change of CL from 500 ms to various CLs. Although the shapes of transition curves appeared similar to normal atria, the magnitudes of the transient changes in APD and TF were different (Figs 2,4) .
AP and TF Dynamics in Electrically Remodeled
In Fig 5A, transitions for the APD90 and TF after abruptly prolonging the CL from 500 to 1,500 ms are compared between normal and remodeled atria. In this figure, ordi- nates are normalized to the same values as those during a CL of 500 ms. Representative experiments are also shown. Although the steady-state APD90 and TF (BCL 500 ms) in remodeled atria were lower compared to normal atria, the transient increases in the APD90 and TF were significantly augmented. The percent increase in the first beat from the baseline values in normal and remodeled atria was 16.1± 1.2 vs 25.4±4.6%, respectively, for APD90 (n=6, p<0.05); and 56.1±9.1 vs 174±23.8%, respectively, for TF (n=6, p< 0.05). The percent reduction from the 1 st to 8 th beats during the longer CL in normal and remodeled atria was 5.0±0.7 vs 12.4±1.8%, respectively, for APD90; and 11.8±4.9 vs 34.7±8.0%, respectively, for TF (n=6, p<0.05). These changes in the AP and TF dynamics in remodeled atria were similar to the effects of CPA in normal atria.
In contrast, the transient decreases in the APD90 and TF in response to a sudden shortening in the CL were significantly reduced in remodeled atria. When the CL was shortened from 500 to 350 ms, the percent decrease in the first beat from the baseline value in normal and remodeled atria was 15.7±0.6 vs 10.3±0.8%, respectively, for APD90 (n=6, p<0.05); and 34.2±3.5 vs 21.9±2.9, respectively, for TF Fig 6. Comparison of the magnitudes of action potential duration was measured at 90% repolarization (APD90) (A) and twitch force (TF) alternans (B) between normal and remodeled atria (n=6, respectively) at each cycle length (CL). The difference between long and short action potential duration (TF) after the 10 th beat was calculated as the magnitude of alternans. *p<0.05 comparing normal and remodeled atria at each CL. The magnitude of both action potential duration and TF changes was significantly attenuated in remodeled atria. *p<0.05. Fig 7. (A) Restitution curves for action potential duration was measured at 90% repolarization (APD90) and twitch force (TF) at bipolar electrodes at a basic cycle length (BCL) of 500 ms in normal and remodeled canine atria (n=6, respectively). (B) Ordinates are normalized to the same values as those during a BCL of 500 ms. The slopes of action potential duration and TF restitution curves in remodeled atria were flatter when the S1S2 interval was shorter than the BCL, and steeper when the single test pulses (S2) delivered after every 40 th basic pulse (S1) (S1S2) interval was longer than the BCL.
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(n=6, p<0.05).
The magnitudes of APD and TF alternans were remarkably reduced in the remodeled atria (Figs 2,4) . In Fig 6, the magnitudes of APD and TF alternans were compared between normal and remodeled atria. The differences between the long and short APD and TF after the 10 th beat were calculated as the magnitudes of alternans.
Restitution Kinetics for APD and TF
The restitution kinetics for APD and TF would be altered, because APD and TF with the first beat after an abrupt shortening or prolongation of CL constitute restitution curves. Fig 7A shows the restitution curves for APD90 and TF in normal and remodeled canine atria. The restitution curve for APD was altered in parallel with that of TF in remodeled atria. In Fig 7B, ordinates are normalized to the same values as those during a BCL of 500 ms. The slopes of APD and TF restitution curves in remodeled atria were flatter when the S1S2 interval was shorter than the BCL, and steeper when the S1S2 interval was longer than the BCL. Such changes in the slopes in remodeled atria can be explained by the finding that the transient decrease in the APD and TF after a sudden CL shortening was reduced, and that the transient increase after a sudden CL prolongation was enhanced.
As a whole, the maximal slope of the APD restitution curve in the remodeled atria was significantly reduced compared with that in normal atria. The mean maximal slope of APD restitution curve calculated in each preparation in normal and remodeled atria was 0.29±0.02 vs 0.19±0.03, respectively (n=6, p<0.05).
Protein Expression Influencing the Intracellular Calcium Handling in Remodeled Atria
The expression of the SERCA2, NCX1, and RyR2 in remodeled atria were compared with those in normal atria (Fig 8) . Both SERCA2 and RyR2 were significantly decreased in remodeled atria (n=4). There was no significant difference in the amount of NCX between the 2 groups.
Discussion
Most investigations of atrial electrophysiological remodeling have focused on steady state conditions at a constant pacing CL, and the underlying cellular mechanisms have been solely attributed to alterations in sarcolemmal ion channels. In the present study, we showed that dynamic AP characteristics are also altered in electrical remodeling because of altered intracellular Ca 2+ handling. This is the first study to show a relationship between abnormal Ca 2+ handling and altered dynamics of AP repolarization in electrical remodeling.
AP Dynamics After an Abrupt Change in CL
When the CL was abruptly prolonged in normal atria, the APD of the first beat at the new CL abruptly increased and then decreased in a step-wise fashion during subsequent beats. In contrast, when the CL was abruptly shortened, the APD of the first beat abruptly decreased and then increased during subsequent beats. Abrupt changes in APD with the first beat may be caused partly by the incomplete recovery of sarcolemmal ion channels, such as IKs, Ito and ICaL. However, it is difficult to explain the mechanism responsible for the stepwise changes in the APD based on the recovery of ion channel function. In the present study, we found that the time-course of APD changes paralleled the time-course of TF changes, and that drugs that modulate intracellular Ca 2+ handling (ryanodine, isoproterenol, CPA) had similar effects on APD and TF dynamics. These results suggest that APD dynamics are associated with Ca 2+ handling. The underlying mechanisms responsible for the TF dynamics after an abrupt CL change are well understood. 12 When the CL is abruptly increased, the initial TF is increased because a greater fraction of SR Ca 2+ is released because of the longer pacing interval. During the longer diastolic interval, more Ca 2+ is taken back up into the SR and becomes available for release. 13 This larger SR Ca 2+ release stimulates more Ca 2+ extrusion via the Na + /Ca 2+ exchanger (NCX). Consequently, there is a progressive decline in the amount of SR Ca 2+ , which is reflected by the step-wise decline in TF. 12 Based on the above theory, we hypothesize that APD dynamics are caused by changes in NCX current that reflect changes in Ca 2+ released from the SR. As NCX generates a net inward current during Ca 2+ extrusion, APD dynamics can be explained by the NCX current. The APD of the first beat increases because of a large NCX current, which is caused by the release of a greater fraction of SR Ca 2+ . The APD gradually decreases because the NCX current gradually decreases as a result of a progressive decline in the amount of SR Ca 2+ released.
The hypothesis that APD dynamics reflect changes in the Ca 2+ released from the SR explains many phenomena observed in the present study. In Fig 2, the APD and TF increased transiently with the prolongation of CL, because more Ca 2+ was taken back up into the SR during the longer diastolic interval and then released. Ryanodine abolished the transient increase in the APD and TF. Because ryanodine causes calcium leakage from the SR during the diastolic interval, the large Ca 2+ release from the SR and the subsequent large NCX current after the abrupt CL prolongation can no longer occur. Isoproterenol, which stimulates the SR Ca 2+ pump and increases the sarcolemmal Ca 2+ current, attenuated the abrupt increase and step-wise decline in both APD and TF. As isoproterenol stimulates Ca 2+ re-uptake into the SR, most of the Ca 2+ released from the SR may have been taken back up, and made available for release during the diastolic interval at the baseline CL. Thus, suddenly prolonging the CL had less effect on Ca 2+ uptake during diastole and the changes in APD and TF were blunted. Furthermore, because most of the Ca 2+ released from the SR is recirculated into the SR, minimum Ca 2+ may be extruded via NCX in the presence of isoproterenol. 12 Thus, the amount of SR Ca 2+ does not decrease progressively, which explains the loss of a step-wise decline in the APD and TF. CPA had effects opposite to those of isoproterenol, which can be explained by the partial inhibition of the SR Ca 2+ pump. A complete blockade of the SR Ca 2+ pump might deplete SR Ca 2+ and transient increases of APD and TF might not occur. Thus, it is plausible that APD dynamics are caused by changes in NCX current that reflects changes in Ca 2+ released from the SR.
Recently, Burashnikov and Antzelevitch showed that late phase 3 EAD-induced triggered activity occurred after a long diastolic interval following the termination of rapid atrial excitation in a cholinergically-mediated model of AF. 9 Although we did not observe EADs in the present study, our study provides a theoretical basis for their results; that is, a phase 3 EAD would be mediated by the inward NCX current through accentuated SR release after a long preceding diastolic interval.
Altered AP Dynamics in Remodeled Atria
APD dynamics after an abrupt CL change were altered in remodeled atria. The transient increase in the APD after a sudden CL prolongation was enhanced, and the transient decrease after a sudden CL shortening was reduced, compared with normal atria. These changes in APD dynamics were parallel to the changes in the TF dynamics, suggesting that altered AP dynamics in remodeled atria are caused by altered intracellular Ca 2+ handling.
Although remodeling of Ca 2+ handling appears to be responsible for the altered AP dynamics, the precise mechanisms are not clear from the present study. Because we only measured TF, we could not determine which process of Ca 2+ handling was altered. The reduced SR Ca 2+ -pump activity might, in part, explain the change of APD dynamics, because the expression of SERCA2 was reduced and CPA administered in normal atria mimicked the APD and TF dynamics of remodeled atria. Increased activity of NCX could also explain the enhanced transient increase in the APD in remodeled atria, although the expression of NCX did not increase significantly in the present study. Upregulation of NCX has been shown in atrial myocardium of patients with AF. 14 Further studies will need to be conducted in order to understand the precise mechanisms of remodeling of Ca 2+ handling, including direct measurements of Ca 2+ transients and analysis of the fractions of Ca 2+ transported by the SR, NCX, and slow inward channel.
The enhanced transient increase of APD and TF after CL prolongation in remodeled atria may reflect enhanced Ca 2+ extrusion from the cell. This enhanced Ca 2+ extrusion as well as reduced ICaL is a protective mechanism against Ca 2+ overload. Thus, remodeling of Ca 2+ handling can be regarded as an adaptive response to the Ca 2+ overload caused by AF.
Restitution Kinetics and Alternans of APD in Remodeled Atria
Altered Ca 2+ handling in electrical remodeling changed the restitution kinetics for APD. The maximal slope of the APD restitution curve was flatter in remodeled atria. This would lead to a reduced magnitude of APD alternans. In fact, the magnitude of APD alternans was significantly reduced in remodeled atria.
The maximal slope of the APD restitution curve in the present study was <1 in both normal and remodeled atria. This is because the restitution curve was determined with a standard S1S2 protocol. Dynamic restitution would more closely approximate the restitution relationship during rapid excitation. 15 The slope of the APD restitution curve and the magnitude of APD alternans have been shown to be important determinants of stability in several types of re-entrant circuits. [6] [7] [8] In the ring model of atrial re-entry, Frame and Simpson showed that a steep slope favored large CL oscillations and termination of re-entry, whereas a flat slope decreased oscillations and stabilized re-entry. 8 In contrast, a steep slope precipitated the breakup of single spiral waves into multiple smaller spirals. 6, 7 A flatter slope in the remodeled atria may stabilize single anatomical re-entry, but may decrease the number of functional multiple wavelets. 4, 16 
Clinical Implications
It is known that the recurrence of AF occurs early (several days) after pharmacological or electrical cardioversion, which is attributable to electrical remodeling. So far, the shortening of steady-state APD has been solely attributed to this phenomenon, but altered non-steady-state AP dynamics shown in the present study (altered APD restitution and APD transition) may also contribute to the early recurrence of AF.
As discussed above, the slope of the APD restitution curve can influence the stability of re-entrant arrhythmias. Although the precise mechanisms of AF have not been understood, a variety of mechanisms such as focal drivers, mother rotors with fibrillatory conduction, and multiple reentrant circuits are thought to play a role in the initiation and maintenance of AF. The flatter slope in electrical remodeling may stabilize AF in patients where a stable rotor plays an important role in the maintenance of AF. 4, 16 AF recurrence immediately after the termination of the arrhythmia (IRAF) is frequently observed. Burashnikov and Antzelevitch suggested that late phase 3 EAD-induced triggered activity might be a possible mechanism of IRAF. 9 This EAD occurs after a long diastolic interval following the termination of rapid atrial excitation. As was discussed above, it might be mediated by the inward NCX current through accentuated SR Ca 2+ release. In the present study, the transient increase in APD after a sudden CL prolongation was enhanced in remodeled atria. This suggests that triggered activity caused by EADs and IRAF might occur more easily in remodeled atria.
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Conclusions
In the present study, we showed that: (1) not only steady-state AP but also non-steady-state AP dynamics is altered in electrical remodeling; and that (2) this altered AP dynamics is caused by altered Ca 2+ handling rather than altered sarcolemmal ion channels. Because non-steadystate AP characteristics have important implications for the development of arrhythmias, the present study provides new insight into arrhythmogenesis in atrial electrical remodeling. Moreover, the present study predicts that intracellular Ca 2+ handling might be a new therapeutic target for the treatment or prevention of AF.
